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The primary objective of the project chronicled in this report was to design a model that optimizes C4
operations. This model will optimize the options for processing both “crude C4” and “Cat BB” streams, taking
the feed stream makeup, market pricings, and capacity constraints into account. Crude C4 streams contain
butanes, butenes, and butadienes, while “Cat BB” streams are similar in makeup but do not include
butadienes.
It is assumed that the equipment for all unit operations is readily available. In addition, the plant will already
have a baseload of feedstock that does not fully utilize all the equipment in the plant, which allows for the
purchase of feedstock that could potentially be profitable.
Available unit operations include Butadiene extraction, MTBE production, Metathesis, 1-Butene distillation,
Skeletal Isomerization, Olefin Isomerization, and Alkylation. The model will be required to make choices
about which unit operations to utilize based on the constraints input by the user. While the model will not
directly produce revenue, it will allow the company to optimize processes within the plant, finding the most
profitable situation. Thus, it will be possible to assess the program’s value based on its accuracy.
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Table 1: Chemical and Utility Prices 
Material	 MED	 LOW	 HIGH	 CUSTOM	 Source	 Month	 Year	
Ethylene	 	$0.18		 	$0.15		 	$0.20		 	$0.18		 Platt	 January	 2016	
Propylene	 	$0.30		 	$0.26		 	$0.34		 	$0.30		 Platt	 January	 2016	
1-Butene	 	$0.67		 	$0.64		 	$0.69		 	$0.67		 Argus	 August	 2015	
Methanol	 	$0.41		 	$0.34		 	$0.29		 	$0.41		 Platt	 January	 2016	
MTBE	 	$0.23		 	$0.20		 	$0.26		 	$0.23		 Platt	 January	 2016	
Butadiene	 	$0.42		 	$0.36		 	$0.47		 	$0.42		 Argus	 August	 2015	
n-Butane	 	$0.51		 	$0.51		 	$0.51		 	$0.51		 Argus	 August	 2015	
i-Butane	 	$0.51		 	$0.51		 	$0.51		 	$0.51		 Argus	 August	 2015	
Crude	C4	 	$0.01		 	$1.26		 	$1.51		 	$0.01		 Argus	 August	 2015	
isobutylene	 	$0.58		 	$0.55		 	$0.60		 	$0.58		 Argus	 August	 2015	
Alkylate	 	$0.20		 	$0.20		 	$0.27		 	$0.20		 OPIS	 February	 2016	
Hydrogen	 	$8.00		 	$8.00		 	$8.00		 	$8.00		 		 		 		












psig)	 	$10.50		 		 		 	$10.50		
Cooling	
water	 	$0.02		 		 		 	$0.02		
Process	
water	 	$0.20		 		 		 	$0.20		
boiler	feed	
water	 	$0.50		 		 		 	$0.50		
Natural	Gas	 	$3.20		 		 		 	$3.20		
Chilled	
Water		 	$4.00		 		 		 	$4.00		
Steam	(50	






















































































































































































































































































































































































































































Figure 8: Pricing Scenario for Case Study	
	Assume	an	available	feed	of	15,000,000	lb/week	of	crude	C4	at	the	composition	given	by	high	
butadiene	Dow	Chemical	crude	C4,	and	the	crude	C4	available	for	purchase	has	the	same	
composition.		Figure	9	has	the	results	of	the	optimization	model	for	this	situation,	with	the	
process	flow	constraints	given	in	the	Process	Information	table.		The	optimization	has	the	
optimal	purchase	of	the	external	crude	C4	at	4.57	*	10^6	lbs/week.		The	valuation	of	a	week’s	
worth	the	internal	C4,	the	opportunity	cost,	is	calculated	at	$6,000,000.		The	weekly	profit	from	
operating	the	plant	is	calculated	at	$8,951,659.		Therefore,	the	benefit	from	running	the	plant	is	
$2,951,659/week	or	roughly	$153.5million	per	year.		Notable	results	are	that	the	MTBE	unit	
and	1-butene	distillation	are	at	100%	capacity.		This	arises	from	the	fact	that	the	MTBE	unit	has	
a	higher	capacity	than	the	1-butene	distillation	column,	and	the	MTBE	unit	can	send	the	
difference	in	capacity	to	the	metathesis	unit.		The	olefin	isomerization	unit	is	also	operating	at	
maximum	capacity,	while	the	skeletal	isomerization	unit	is	operating	against	the	lower	bound	
of	its	flow	constraints.		This	suggests	that	the	plant	would	need	to	operate	below	the	lower	
constraint	of	the	skeletal	isomerization	unit	for	the	plant	to	reach	an	unconstrained	profit	
maximum.			
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Examining	the	3D	Sensitivity	Analysis	page,	an	interesting	relationship	to	examine	is	the	effect	
of	varying	isobutane	and	alkylate	prices	on	the	total	profit	of	the	plant.		The	general	trend	of	
the	3D	graph	(Figure	10)	is	rising	profits	as	the	price	spread	between	the	chemicals	is	the	
largest,	with	the	alkylate	at	a	high	price	and	isobutane	at	a	low	price.		This	is	shown	on	the	
graph	with	lower	profit	at	the	near	right	corner	and	higher	profit	towards	the	back	left	of	the	
graph.		The	steeper	slope	from	right	to	left	indicates	that	a	change	in	alkylate	price	has	much	
more	of	an	impact	of	the	profit	than	a	change	in	isobutane	price.		This	relationship	makes	sense	
because	the	isobutane	requirement	roughly	one	pound	of	isobutane	per	four	pounds	of	
alkylate.	The	standard	deviation	of	the	profit	ranges	is	$73,336,	which	is	a	relatively	small	figure	
compared	to	the	profits	in	the	$8million	range.		This	small	standard	deviation	indicates	that	the	
plant	profit	is	relatively	robust	to	five	percent	variations	in	the	prices	of	isobutane	and	alkylate.		
Looking	at	the	Profit	Breakdown	sheet	(Figure	11),	the	alkylate	represents	a	small	portion	of	the	
overall	profit.		Therefore,	the	small	deviations	in	overall	profit	in	response	to	chemical	price	
changes	in	the	alkylate	process	makes	sense.		Butadiene	and	MTBE	price	changes	would	show	a	
greater	standard	deviation	in	the	overall	profit.			
	
The	Investment	Analysis	page	shows	an	interesting	but	not	unexpected	result	(Figure	12).		The	
bottleneck	selected	by	the	user	is	the	MTBE	production.	Although	the	1-butene	column	is	also	
operating	at	100%	capacity,	additional	flow	through	the	MTBE	column	would	allow	the	
metathesis	and	alkylation	processes	to	fill	out	more	while	still	keeping	the	1-butene	column	
operating	at	max	capacity.		Expanding	the	1-butene	column	would	only	take	away	flow	from	
the	metathesis	pathway,	since	the	MTBE	process	bottleneck	restricts	the	downstream	flow.		In	
this	scenario	the	user	is	evaluating	a	15%	expansion	of	the	MTBE	unit.		For	a	sample	expansion	
cost,	$45.00	per	lb/week	is	used.		Note	that	this	value	has	not	been	calculated	using	costing	
models	and	is	solely	intended	for	the	purpose	of	highlighting	the	Investment	Analysis	function.		
The	user	would	have	to	perform	these	calculations	when	using	the	Investment	Analysis	sheet.		
An	interest	rate	of	12%	annually	and	a	project	lifetime	of	15	years	is	selected.		The	cost	of	
expansion	is	calculated	at	roughly	$57million,	and	the	break	even	point	of	the	expansion	is	
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between	years	two	and	three	after	the	capacity	is	expanded.		The	net	present	value	of	the	
process	over	its	15	year	lifespan	is	$123	million.			
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Unit	Operations	Descriptions	
Butadiene	Extraction	
Extractive	Butadiene	Distillation	is	the	first	process	in	the	block	diagram,	and	thus	the	first	
decision	point	for	the	process	optimizations	model.	This	process	removes	butadiene	from	the	
mixed	crude	C4	stream.	The	resulting	butadiene	stream	is	high	in	purity.	Butadiene	is	used	to	
produce	several	types	of	rubbers.	Extractive	distillation	is	necessary	because	the	similarities	in	
volatilities	between	the	products	in	the	C4	stream	prevent	the	use	of	conventional	distillation.	
The	specific	process	described	in	this	report	is	the	BASF	butadiene	process,	which	requires	the	
use	of	N-methylpyrrolidinone	(NMP)	as	a	solvent.11	NMP	is	not	corrosive,	which	allows	for	
carbon	steel	to	be	used	in	the	plant	without	the	risk	of	corrosion.2	
	
BASF	butadiene	extractive	distillation	requires	three	processes.	These	processes	are	extractive	
distillation,	degassing,	and	distillation.	The	extractive	distillation	has	an	overhead	product	
containing	butenes	and	a	bottoms	product	containing	crude	butadiene.	The	solvent	is	
recovered	during	the	degassing	process,	while	the	butadiene	is	purified	using	the	distillation	
process,	which	allows	for	a	purity	of	99.7%	or	higher.	The	unrecovered	butadiene	is	then	
selectively	hydrogenated	to	90%	butenes	and	10%	butanes	before	proceeding	on	to	the	
subsequent	processes	of	the	plant.18		
	
MTBE	Production	
Methyl	tertiary	butyl	ether	(MTBE)	is	an	oxygenate	commonly	used	in	gasoline,	although	its	use	
has	been	declining	as	environmental	concerns	have	surfaced.	MTBE	and	other	oxygenates	
became	popular	in	the	1990s	as	concerns	arose	about	the	air	pollution	resulting	from	lead	
octane	enhancers,	a	problem	partially	alleviated	by	the	use	of	oxygenates.	However,	by	the	late	
1990s	and	early	2000s,	the	popularity	of	MTBE	declined	due	to	problems	with	groundwater	
contamination	and	leaks	in	underground	storage	tanks.	
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The	specific	process	used	in	this	report	is	the	Ethermax	Process,	licensed	by	UOP.15	This	process	
converts	99%	of	isobutylene.	The	process	requires	an	adiabatic	reactor,	where	the	primary	
reaction	occurs.	The	effluent	runs	to	a	distillation	column,	where	the	bottoms	is	the	MTBE	
product.	Unreacted	components	are	fed	through	a	fractionator	to	promote	conversion.		The	
methanol	in	the	overhead	from	the	distillation	column	is	then	recovered	through	a	system	of	
separations.	Although	this	was	the	process	with	the	best	characteristics	the	group	could	find,	its	
capacity	created	a	crippling	bottleneck	on	the	rest	of	the	plant.		In	order	to	show	off	the	
model’s	capabilities,	the	group	assumed	that	the	plant	had	access	to	multiple	trains	of	the	
Ethermax	process.	
	
Metathesis	
The	metathesis	reaction	produces	propylene	from	2-butene,	1-butene	and	ethylene.	The	
specific	process	detailed	in	this	project	report	is	the	UOP	Oleflex	Process.12	In	the	propylene	
production	process,	a	feed	of	liquefied	petroleum	gas	is	depropanized	to	separate	and	remove	
the	butanes	and	other	hydrocarbons.	It	is	then	sent	to	an	Oleflex	unit	and	reacted.	The	two	
resulting	product	streams	are	a	vapor	that	is	rich	in	hydrogen,	as	well	as	a	liquid	that	is	rich	in	
both	propane	and	propylene.		
1-Butene	Distillation	
1-Butene	distillation	allows	for	the	recovery	of	high	purity	1-butene.	The	1-butene	monomer	
can	be	very	profitable	if	it	is	pure.	In	a	series	of	two	distillation	columns,	the	heavy	
hydrocarbons	are	removed	in	the	bottoms	stream	first,	while	1-butene	is	removed	as	the	
bottoms	from	the	second	distillation	column.	This	process	requires	no	butadiene	or	
isobutene.17		
Skeletal	Isomerization	
Skeletal	Isomerization	involves	isobutylene,	1-butene,	and	2-butene.	At	high	temperature,	
these	constituents	reach	chemical	equilibrium.	Skeletal	isomerization	allows	for	the	product	to	
be	fed	to	an	MTBE	unit	and	convert	the	isobutylene	into	profit.	The	process	described	in	this	
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report	is	the	skeletal	isomerization	process		(SKIP)	process,	introduced	by	the	Texas	Olefins	
Company.9	A	feed	of	1	and	2-butenes	are	first	vaporized,	and	steam	is	added.	The	stream	is	
heated	to	reaction	temperature,	which	falls	between	480-550°	C.	Next,	the	stream	is	reacted	in	
a	fixed-bed	reactor,	where	some	of	the	1-	and	2-butenes	are	converted	to	isobutylene.	
Following	reaction	and	equilibrium,	the	stream	is	cooled	in	a	heat	exchanger	and	a	water-
quench	column.	The	hydrocarbons	are	then	separated	from	the	stream	and	depropanized	to	
recover	the	isobutylene	for	use	in	other	processes.		
	
The	SKIP	process,	like	other	similar	processes	introduced	by	other	companies,	is	often	included	
following	an	MTBE	process.	The	isobutylene	is	then	recycled	back	to	the	MTBE	unit	for	further	
production	of	the	profitable	MTBE.	An	alternative	option	for	setup	is	to	include	two	MTBE	units	
with	a	SKIP	unit	between	them.		
Olefin	Isomerization	
Olefin	Isomerization,	also	commonly	known	as	butene	isomerization	or	positional	
isomerization,	involves	the	conversion	of	2-butene	to	1-butene.	The	process	described	here	is	
the	Comonomer	Production	Technology	(CPT)	by	CB&I.4		However,	specific	utility	requirements	
were	unavailable	for	any	commercial	olefin	isomerization	technology.	Using	a	ratio	comparing	
the	utility	costs	of	existing	skeletal	and	olefin	isomerization	technologies,	it	was	possible	to	
obtain	an	estimate	for	olefin	isomerization,	at	approximately	38%	of	the	utility	cost	of	skeletal	
isomerization.8	The	CPT	Process	includes	two	sections.	In	the	first	section,	2-butene	is	
isomerized	to	1-butene.	The	stream	is	vaporized	and	preheated	before	being	fed	to	a	reactor	
where	the	2-butene	is	isomerized	over	a	catalyst.	The	product	stream	contains	both	1-	and	2-
butene	at	thermal	equilibrium.	The	second	section	is	the	fractionation	section	where	1-	and	2-
butene	are	separated	using	a	butene	fractionator.	The	1-butene	is	the	overhead	product,	while	
the	2-butene	is	the	bottoms	which	is	then	recycled	to	the	isomerization	reaction.	However,	
since	our	plant	already	has	its	own	1-butene	distillation,	our	olefin	process	only	represents	this	
first	section.	
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Olefin	isomerization	allows	for	a	large	increase	in	1-butene	recovery,	which	then	allows	it	to	be	
sold	for	profit.	
Alkylation	
Alkylation	is	a	process	by	which	trimethylpentane	or	“alkylate”	is	formed	from	isobutane,	
isobutylene	and	2-butene.	Alkylate	is	a	component	for	motor	fuel,	which	was	popular	in	the	
1940s.	However,	with	the	decline	in	popularity	of	MTBE	due	to	serious	environmental	concerns,	
it	is	possible	that	alkylate	will	increase	in	value	in	the	coming	years.	The	specific	process	listed	
here	is	the	STRATCO	Alkylation	process	by	Dupont,	which	uses	sulfuric	acid.13	According	to	the	
process	description,	there	are	five	sections	of	the	process,	which	include	the	reaction	section,	
the	refrigerator	section,	the	effluent	treating	section,	the	fractionation	section	and	the	
blowdown	section.	The	reaction	section	includes	the	reaction	between	the	hydrocarbon	stream	
and	the	sulfuric	acid	catalyst.	The	refrigeration	section	removes	both	heat	of	reaction	as	well	as	
light	hydrocarbons.	In	the	effluent	treating	section,	free	acid,	alkyl	sulfates	and	dialkyl	sulfates	
are	removed	from	the	stream.	The	fractionation	section	follows	the	effluent	treating	section,	
where	isobutane	is	removed	and	recycled	to	the	reaction	section.	Finally,	in	the	blowdown	
section,	the	acid	is	degassed	and	the	pH	of	the	wastewater	is	adjusted.		
Hydrogenation	
Butenes	can	be	hydrogenated	to	n-butane,	which	allows	them	to	be	returned	to	the	steam	
cracker	as	a	feed.	This	option	is	typically	less	desirable	than	the	other	unit	operations	that	can	
be	used	to	process	2-butene.	The	hydrogenation	process	listed	here	is	the	Hüls	Selective	
Hydrogenation	Process	(SHP).14	The	selective	hydrogenation	process	can	be	used	with	various	
feed	streams,	including	C3-C5	streams.	
Utility	and	Capacity	Requirements	
Overall	utility	information	is	included	below	for	each	of	the	unit	processes.	Pricing	information	
was	obtained	from	the	Product	and	Process	Design	Principles	Textbook	for	the	cost	of	
electricity,	water,	gas	and	steam.11	Pricing	for	various	acid	solutions,	including	the	sulfuric	acid	
and	sodium	hydroxide	for	the	Alkylation	process,	were	obtained	from	Alibaba.	It	should	be	
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noted	that	this	project	creates	an	optimization	program	for	an	already	existing	petrochemicals	
plant,	thus	it	is	not	necessary	to	purchase	additional	equipment	for	the	unit	operations	because	
it	is	assumed	that	the	company	already	possesses	all	necessary	equipment.		
Metathesis	(UOP	Oleflex)	
Utility	 Requirement	
Electric	Power	 6500	kW/h	
Boiler	Feed	Water	 10	metric	tons	per	hour	
Cooling	water	 6000	m3	/h	
Fuel	Gas	 13.1	million	kcal/h	
Capacity	 350,000	MTA	
	
Alkylation	(Dupont	STRATCO)	
Utility	 Requirement	(unit/barrel)	
Electric	Power	 15	kW	
Cooling	water	 1370	gal	
Process	water	 4	gal	
Steam	 194	lb	
Fresh	acid	 13	lb	
NaOH	 .05lb	
Capacity	 240	MT	per	stream	day	
	
	
MTBE	Production	(UOP	Ethermax)	
Utility	 Requirement	
Electric	Power	 177	kWh	
Medium-Pressure	Steam	 7.9	mt	per	hour	
Cooling	Water	 52	cubic	meters	per	hour	
Condensate	 7.9	metric	tons	per	hour	
Capacity	 50,000	MTA	
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Butadiene	Extraction	(BASF)	
Utility	 Requirement	
Electric	Power	 100-200	kWh	
Medium-pressure	 1.5-2.5t	
Cooling	Water	 100-200	cubic	meters	
Solvent	(Cost)	 $0.60	(per	metric	ton	product)	
Other	Chemicals	(Cost)	 $2.50	(per	metric	ton	product)	
Capacity	 29,000	to	430,000	MTA		
	
Hydrogenation	(Hüls	Selective	Hydrogenation	Process)	
Utility	 Requirement	
Power	 46	kWh	
Medium	pressure	steam	 798	kg/hr	
Condensate	 798	kg/hr	
Cooling	water	 51	m^3/hr	
Capacity	 6373	BPD	
	
Skeletal	Hydrogenation	(SKIP	Process)	
Utility	 Requirement	
Electric	Power	 234.16	kWh	
Medium-pressure	 1.735	mt	
Low-Pressure	 1.739	mt	
Cooling	Water	 6.576	GJ	
Natural	Gas	 1.679	GJ	
Capacity	 2400	BPD		
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1-Butene	Distillation	
Utility	 Requirement	(unit	per	ton	1-butene)	
Steam	 4t	
Water,	cooling	 110	m3	
Power	 43	kWh	
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Conclusion	and	Recommendations	
This	report	chronicles	a	project	entitled	C4	Operations	Optimization,	which	involved	the	
creation	of	a	computer	model	that	can	optimize	operations	and	processes	for	an	existing	
petrochemicals	plant.		Other	features	of	the	project	include	a	sensitivity	analysis	and	
investment	analysis	that	provide	the	user	with	an	idea	of	how	the	plant	profitability	will	
respond	to	changes	in	the	economic	climate	and	plant	capacity.		It	is	recommended	that	the	
plant	in	question	begin	using	this	model	promptly,	as	it	can	increase	profits	by	a	considerable	
margin.	For	further	developments	in	the	model,	we	recommend	modifications	to	the	method	
by	which	it	takes	utility	costs	into	account.	Instead	of	assuming	proportional	utilities,	functions	
relating	utility	requirements	to	throughput	could	be	incorporated	into	the	model.		These	
functions	could	be	derived	from	plant	observation	or	from	ASPEN	simulations.	
	With	the	current	model,	profitability	is	listed	by	product,	but	subsequent	versions	could	spread	
the	utility	costs	so	that	one	product	is	not	absorbing	all	the	utility	costs.	Another	feature	that	
could	be	added	is	a	set	of	purity	constraints	for	each	product	as	specified	by	the	
company.		These	would	be	most	applicable	in	the	1-butene	and	n-butane	product	streams,	as	
trace	amounts	of	isobutylene	and	isobutane,	respectively,	can	enter	these	product	streams	and	
lower	purity.	
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